The micellization and adsorbed film formation for an aqueous binary mixed system of anionic top-heavy type surfactants: sodium salt of a-sulfonatomyristic acid isopropyl ester (a-SMy iPr) and sodium 1-oxo-1 [4-(tridecafluorohexyl) phenyl]-2-hexanesulfonate (FC6-HC4), were studied by means of surface tension measurement (drop volume method). The surface tension (g ) was precisely measured for the solutions of the respective single and eleven mixed systems at 30.00 0.03 in order to determine critical micellization concentrations (CMC) and surface excesses (G) as a function of net mole fraction of FC6-HC4 (X FC6-HC4 ). The effect of added NaCl on CMC was examined for each single system to determine the degree of counterion binding ( b i ) from the Corrin-Harkins plot. Using the data of CMC and b i , we estimated the micellar composition (Y FC6-HC4 ), activity coecients ( f i ) of the two surfactants in mixed micelles, and the interaction parameter (w 0 ), the calculation of which was made on the basis of our own theoretical equations taking into account of mutual counterion effect in binary ionic surfactant mixtures. From the CMC-Y FC6-HC4 curve, markedly positive and slightly negative deviations from ideal mixing micelle formation were found, i.e. the positive deviation at the range of 0 < X FC6-HC4 < ca. 0.3 and the slightly negative deviation at the range of ca. 0.3 < X FC6-HC4 < 1. On the other hand, the composition of adsorbed film (Z FC6-HC4 ) was also estimated as a function of X FC6-HC4 using the surface tension data from below CMCs. In addition, G was determined as functions of X FC6-HC4 and Z FC6-HC4 and the partial molecular area (PMA) was evaluated from the plot of mean molecular surface area (A m ) vs. Z FC6-HC4 . All the data obtained showed without exception that an addition of 10 to 20% a-SMy iPr to FC6-HC4 results in a marked enhancement of surface activity and micelle formation ability, accompanying a favorable packing in two-dimensional or three dimensional structuring by the two top-heavy type surfactants, and that the two or three dimensional structures are thermodynamically more stable due to higher FC6-HC4 content.
Introduction
While surface active substances called surfactants or in some cases called detergents had been widely applied to various fields in daily life as well as in industries since the dawn of human history, scientific studies on their physicochemical properties were not started until the 20th Century. In the last several decades, however, extensive efforts have been concentrated and in parallel with it we could have a few leading monographs (1) (2) (3) in addition to ones by Sihinoda et al. (4) and by Mukerjee and Mysels (5) which have been cited world wide. On the other hand, as mixing of different species of surfactants results in more useful performance caused by synergism, studies on mixed surfactant systems have also been systematically performed (6, 7) . Of these, the mixed systems of fluorocarbon and hydrocarbon surfactants are in general expected to show a certain unique behavior, since fluorocarbon surfactants exhibit not only hydrophobicity but also lipophobicity. Various types of fluorocarbon/hydrocarbon surfactant mixtures or respective single components have been revealed in regard to their physicochemical properties in media (8) (9) (10) (11) (12) (13) (14) (15) (16) . Further, the so-called hybrid type surfactants consisting of hydrocarbon and fluorocarbon chains in a molecule were also synthesized, and their behavior of micelle and adsorbed film formation was investigated (17, 18) .
Very recently, we performed a thermodynamic study on the micelle formation of a combination of hydrocarbon/fluorocarbon anionic surfactants: sodium n-tetradecylsulfate (STDS) and sodium perfluoronanate (SPFN) in water, paying special attention to the interaction between the two surfactants and the aggregation number as a function of composition in the binary mixture (X 2 ) by electroconductivity measurement and fluorescence spectroscopy (19) . In the previous paper, an azeotrope was found in the relation of critical micllization concentration (CMC) with mole fraction of STDS in the surfactant mixture (X STDS ) at X STDS = 0.05, and almost completely demixing micelles were found to be formed at the ranges on the left hand of the azeotrope and on its right hand side up to X STDS = 0.2, while at the range above X STDS = 0.2 well mixed micelle formation takes place (19) . In addition, another previous study emphasized that the respective degrees of counterion binding ( b 1 , and b 2 ) should be taken into account when estimating the composition of micelles (Y 2 ) and the interaction parameter (w 0 ) between the binary ionic surfactants. The important role played by counterions in micelle formation of surfactants was extensively discussed in the literature (20) as well as in the monographs (2, 4) . We have been interested in synergistically enhanced surface activity and the relationship among compositions of monomers in bulk (X 2 ), micelles (Y 2 ) and adsorbed films at air/water interface (Z 2 ) (21). To examine the adsorbed film of mixed surfactants systems, very accurate data of surface tension of the respective surfactant solutions are indispensable. The Wilhelmy type surface tensiometry has been known and used as one of the well established methods; it is convenient, but, this method often suffers from difficulty of temperature control or vaporization of solvents during the measurements (especially at higher temperatures). On the other hand, the manual or automatic drop volume method the temperature of which can be strictly controlled within an accuracy of 0.03 , has been known to produce more accurate surface tension data compared with the Wilhelmy method.
In this paper, micelle formation in bulk water and adsorbed film formation at the air/water interface were investigated by surface tension measurement (the drop volume method reported previously (18)) of aqueous solutions of a mixed surfactant system: the combination of top-heavy type anionic surfactants, sodium 1-oxo-1 [4-(tridecafluorohexyl )-phenyl]-2-hexane sulfonate (here, abbreviated as FC6-HC4) vs. Na salt of a-sulfonatomyristic acid isopropylester (a-SMy iPr).
Experimental 1 Materials
Sodium salt of a-sulfonatomyristic acid isopropyl ester(a-SMy iPr, MW=372.5) which was highly purified was supplied by Lion Co, Tokyo, and used as received. Sodium 1-oxo-1 [4-(tridecafluorohexyl)-phenyl]-2-hexane sulfonate (FC6-HC4, MW=596.3) was synthesized and then purified in a manner similar to that reported previously (22) . Sodium chloride (NaCl) as an added salt (from Nakalai Tesque Co, Kyoto) was of analytical grade and roasted at 773 K to remove any surface active impurities before use. Thrice-distilled water was used as the solvent throughout the experiments.
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Surface Tension Measurements
The surface tension (g ) measurements were performed on the basis of essentially the same drop volume method as reported previously (9, 18, 23) , but an automated surface tensiometer (Yamashita Giken YDS94) was used in the present study. The measurement temperature was controlled by the use of a system (Yamashita Giken, YCS9211) for the surface tensiometer with an accuracy of 0.03 at any temperature ranging from 5 to 50 . The first drop was permitted to stand for 1.5 h in order to attain the temperature equilibrium, and then, in order to estimate the approximate size of the drop the coarse shift of the micrometer was first determined. To attain the adsorption equilibrium, the drop squeezing process was composed of three steps, using a computer system. First, a pendant drop whose size was given by ca. 80% of the micrometer shift for a drop was permitted to stand for 15 min (or 20 min if necessary, depending on the stability of measured values), and then an additional 5% was exposed taking 10 s as the second step. And finally the pendant drop (of ca. 85% of a falling drop) was squeezed out at a speed of 1 mms -1 . One measured point was determined from at least five measured values. Whether the measured values for a sample solution scatter or not depends in most cases on the chemical species (especially on the structure) or its concentration. Figure 1 demonstrates the curves of surface tension g against logarithmic concentration (in mili molality) ln m t for the respective single systems of a-SMy iPr and FC6-HC4 at 30 (The latter was reproduced from the previous study (18) .). The break point corresponding to the critical micellization concentration (CMC) of FC6-HC4 is found at lower concentration, and FC6-HC4 exhibits a higher surface activity which is regarded as surface tension lowering ability when compared with aSMy iPr at any fixed surfactant concentration. In particular, it should be noted that the surface tension value at CMC (the minimum value), g CMC is ca 20 mNm -1 .
Results and Discussion
1 Surface Tension and Critical Micellization Concentration
We have a few means to evaluate the surface adsorption or surface activity and micelle formation ability of surfactants. According to Rosen (1) 5.3 at 25 ).
The second means the ratio CMC/C 20 is convenient to examine the effect of molecular structure, as well as its environment, on adsorption and micelle formation of surfactants. The increment of the ratio suggests that micelle formation is more interrupted than adsorption, or adsorption is more enhanced than micelle formation value of a-SMy iPr reflects more prominently the relatively higher CMC as compared to the C 20 , although the C 20 of a-SMy iPr is greater than that of FC6-HC4 (C 20 values are 1.95 10 -7 mol kg -1 for FC6-HC4 and 3.24 10 -7 mol kg -1 for a-SMy iPr). Figure 2 shows the plots of surface tension vs. logarithmic mili molality for selected mixed systems of aSMy iPr / FC6-HC4 at 30 . The mole fractions of FC6-HC4 in the surfactant mixture are indicated in the inset. The figure clearly demonstrates that with increase in FC6-HC4 content, CMC lowers. It is noted that the minimum surface tension or g CMC of each mixed system at the range above X FC6-HC4 = 0.25. All the g CMC values of the systems, the mole fraction of which is higher than 0.25, were very close to that of pure FC6-HC4. As is seen in Fig. 2 (b), a minimum appeared at the CMC in a few cases, suggesting that one surfactant acted as a kind of impurity against the other surfactant, and in addition, the surface activity of the mixed systems seems to be synergistically enhanced by mixing. The lowered surface tension, observed at the range of X FC6-HC4 0.25, probably indicates that content in the adsorbed film might result from FC6-HC4 having higher pC 20 value or greater surface activity than a-SMy iPr. This will be discussed again later.
In order to determine the degree of counterion binding, b from the Corrin-Harkins plot (20), we examined the effect of added salt (NaCl) on CMC. In Fig.3 the g vs ln m t plots for a-SMy iPr solutions at different added salt concentrations (indicated in the inset) are shown. As for FC6-HC4, the plots were given in the previous paper (18) . Figure 3 shows that CMC decreased with raised NaCl concentration as expected, while the minimum surface tension g CMC also decreased, in other words, the surface activity is enhanced with the addition of salt. Similar but more marked enhancement of surface activity accompanied by the addition of NaCl (even at the range below 5 m mol kg -1 ) was observed for FC6-HC4 (18) . Interestingly, the slopes of the curves below CMC are gradually reduced; this seems to correspond to the decrease in the surface excess G, or the increase in the surface area, A, occupied by an adsorbed surfactant molecule. This problem has been discussed previously, in which the increased A with decreased CMC was ascribed to the decrease in bulk concentration itself of surfactants (18) .
However, it may be considered that the strong added salt effect on adsorption as well as micelle formation is a matter of course, because, the activity of counterions coming from surfactant molecules does decrease with raised concentration of added salt so that the negative slope of surface tension vs surfactant concentration becomes smaller in the absolute value (2).
The CMC values of both single surfactants, with and without the addition of NaCl, are tabulated in Table 1 . The Corrin-Harkins plots are shown in Fig. 4 . From the slopes, the degrees of counterion binding were determined as b = 0.57 for FC6-HC4 and b = 0.61 for aSMy iPr. As compared with common surfactants, which have a straight hydrocarbon chain and a head group of simple structure, these b values are small. This results from the molecular structure of top-heavy hydrophilic (big head) groups leading to the lower charge density of the micellar surface due to hardness of packing in the palisade layers.
2 Correlation between Compositions in
Bulk Solution (X 2 ) and in Micelles (Y 2 ) Figure 5 (a) shows the measured CMC values (closed circles) as a function of X FC6-HC4 . In the figure, the broken line indicates the relation when the two surfactants were projected to form micelles of thermodynamically ideal mixing; this curve was obtained by the equations described below (Eqs. 1 and 2). Interestingly, the measured points on the left hand side (below X FC6-HC4 = 0.3) positively deviate from the curve of ideal mixing, while those on the right hand side (0.6 X FC6-HC4 1) show a slightly negative deviation. Let us consider these results.
Rubingh has given theoretical equations for relating the composition of micelles formed at CMC with that of bulk solution; his useful equations have been widely applied to analyze the relations of CMC-compositions (of singly dispersed phase) with micellar phase (24) . His equations were derived without taking into account the effect of counterions on mixed micelle formation in the case of ionic surfactant mixtures. It may be said that in his equations a mixed CMC value itself involves the effect of counterion binding on micelle formation. The authors, however, have considered that since a surfactant in the binary mixed system does act as an added salt against the other, the respective degrees of counterion binding should be more explicitly taken into consideration.
We have applied the following equations for micelle formation of ideal mixing to binary ionic surfactant systems (25) (26) (27) (28) . composition Y 1 can be also calculated. Further, for any mixed system of either ideal or non-ideal mixing, we have derived equations including an interaction parameter, w 0 , from the idea introduced in Eqs. [1] and [2] so as to be more generally applicable to given systems, as follows (25) (26) (27) (28) .
[3]
[4]
Here, the interaction parameter is related to the activity coefficients f 1 and f 2 and the micellar composition Y 1 , as follows.
[5]
Applying Eqs. [3] and [4] in addition to Eq. [5] , the values of Y FC6-HC4 , w 0 and activity coefficients f 1 and f 2 were determined, as listed in Table 2 .
In hydrophobicity of FC6-HC4 and its excluding tendency against hydrocarbon molecules. From Table 2 it is seen that at X FC6-HC4 = 0.2, a maximum value of the interaction parameter was obtained and at the range below X FC6-HC4 = 0.2 the activity coefficient of FC6-HC4 is much greater than that of aSMy iPr, while at the range above X FC6-HC4 = 0.2 up to ca. 0.4, the coefficient of the latter is greater than the former. Even though the hybrid surfactants having a fluorocarbon chain is a minor component, its stronger ability of micelle formation than a-SMy iPr's leads to forming micelles richer in FC6-HC4. This may be interpreted in terms of CMC/C 20 , that is, the lower CMC/C 20 value of FC6-HC4 [CMC/C 20 = 3.6] corresponds to the higher micelle forming trend at the range below X FC6-HC4 = 0.25, while a-SMy iPr [CMC/C 20 = 4.3] has a relatively weaker micelles forming ability in this mole fraction region, as already described.
In contrast to the above, after the CMC-X FC6-HC4 at X FC6-HC4 = 0.5 (mixing ratio = 1:1) showed apparently ideal mixing, the behavior is converted into slightly negative deviation as is indicated by negative value of w O and activity coefficients being less than one. This seems to suggest that when FC6-HC4 molecules are surrounded by about two or more a-SMy iPr molecules, structurally favorable conditions for the formation of mixed micelles are attained. The types of micelle structure may be roughly divided into three, i.e., ( ) X FC6-HC4 = 0 ~ ca. 0.3, ( ) 0.4~0.6 and ( ) 0.7~1 or into two; either X FC6-HC4 is higher or lower than ca. 0.4. A similar but clearer distinction depending on the mixing ratio, has been observed for a binary mixed system consisting of fluorocarbon and hydrocarbon surfactants: sodium perfluorononate (SPFN) and sodium tetradecylsulfate (STDS). In this combination an azeotrope was found at X STDS = 0.05, and in the region up to X STDS = 0.2 almost completely demixing micelles were formed, while in the region above X STDS = 0.2 up to 1.0, the mixing seems to be almost ideal. This was confirmed not only by composition analysis using Eqs. 3, 4 and 5 but also by fluoroescence spectrometry (19) .
The Composition of Adsorbed Film (Z 2 )
In order to estimate compositions of surfactants 1 and 2 in adsorbed film formed at air / water interface (Z 1 and Z 2 , Z 1 + Z 2 = 1), we have derived the following equations based on the regular solution theory (RST) (21) .
When the composition of species i (i = 1 or 2) in the adsorbed film phase and the activity coefficient are denoted as Z i and f i , respectively, the chemical potentials at temperature, T; pressure, P; and a constant surface tension (g ) are given for adsorbed film (a) and bulk (b) phases, respectively as (9): [6] Also the following Eqs. 7, 8 and 9 have been given in the literature (21) . The concentration is related as: [7] where m 0 i is the bulk concentration of pure system of i at the constant surface tension, and corresponds to either molarity or molality as a concentration chosen. The mass balance leads to Eq. 8, [8] where, m t is the total concentration of the surfactants at the given surface tension. Thus, when an equilibrium is attained between the bulk and the adsorbed film phases, the following relations are given. [9] It is noted that in this study, 
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SMy iPr and the surface tension fixed was taken at the CMC of a-SMy iPr, so that m 2 0 and each m t were read from the g vs ln m t curves as schematically shown in Fig. 6 . From these equations it is known that the mole fraction of 2 in bulk solution is expressed by using Eq. 10.
[10]
Based on the RST model, the activity coefficients f 1 and f 2 can be related to Z 2 and the interaction parameter w A , as follows.
[11]
From analogy with the derivation of Rubingh's equations (24), we obtained the following equations.
[12]
[13]
Eqs. 12 and 13 simultaneously tell us that if the m 1 0 , m 2 0 and m t at the given g are determined against net mole fraction X 2 , then the adsorbed film composition Z 1 is given by Eq. 12, and w A can be evaluated from Eq. 13 by using the Z 2 values (19) . Fig. 6 ). The m t values are listed in Table. 3. Table 3 ). Figure 7 is a phase diagram indicating the composition (Z 2 ) of the adsorbed film phase related with that of the bulk phase (X 2 ), in other words, the curves of the phase equilibrium between the adsorbed film and monomeric species. To obtain the m t vs Z 2 curve along with simultaneous satisfaction of the relation of m t vs X 2 , the w A value was given as -2.0 on average; this negative value suggests that a considerably strong interaction does act between surfactant molecules in the adsorbed film as compared with that inside micelles (on average w 0 = 0.2 (See Table. 2)). Here, it is noted that the curve along the estimated Z values is smoothed one (not simulated one using the averaged w A value).
The great difference between w 0 and w A may come from the difference in the curvature of formed aggregates: the radius of the adsorbed film is infinitely great, while that of a micelle is extremely small (the order of molecular length), and the micellar surface must have greater surface tension so as to withstand the Laplace pressure acting inside micelles. Probably, molecular packing of the former differs from that of micelles and accordingly the extent or the mode of interaction between different molecules must be changed depending on packing.
Looking in detail at the phase diagram in Fig. 7 , since all the measured points have a certain error margin, we cannot strongly assert that an azeotrope-like but very shallow minimum seems to exist at X FC6-HC4 = Z FC6-HC4 = ca 0.83. However, again examining Fig. 5  (b) , we see a very slight minimum is likely to appear at X = Y = ca 0.9. Although it is hard to conclude that there exists an azeotropic point around X = Y = Z = 0.8 0.9, it can at least be said that around this range the most energetically stable micelles or adsorbed film are formed; that is attained when the mixing ratio is aSMy iPr: FC6-HC4 = 1:4 ~ 1:9. It has been concluded that 10 to 20% addition of a-SMy iPr to FC6-HC4 leads to synergistically enhanced surface activity or micelle formation. On the other hand, in the case where FC6-HC4 is a minor component, FC6-HC4 molecules encounter difficulty to fit in three-dimensionally with a-SMy iPr dominant micelles, resulting in the positive w 0 value in micelle formation. However, this is not the case for adsorbed film formation. When the adsorbed film is formed, more hydrophobic FC6-HC4 molecules rise to the surface more quickly to occupy the surface than a-SMy iPr molecules. Similar behavior has been observed for mixed systems of SPFO (sodium perfluorooctanoate ) with MEGA-8 and MEGA-9 (n-alky-Nmethylglucamides) (30) . This trend is reflected in the g vs ln m t curves (Fig. 2) and in the m t vs Z FC6-HC4 curve (Fig. 7) 
4 Surface Excess and Partial Molecular Area
The surface excess (the surface concentration), G was determined for the respective single and mixed systems by applying the Gibbs adsorption isotherm (1-4) to the g-ln m t relations. In Fig. 8 the resultant Here, from analogy of the partial molar volume of a solution, the partial molecular area (PMA) for each component is evaluated using the following equation (21, 31, 32) . [14] Here _ A 1 is the PMA of component 1 and defined as: [15] when n 1 plus n 2 moles form a surface area A t (n 1
. It should be noted here that if the mixing was ideal, the PMA should have been linear with Z 2 (the additive rule). Figure 10 shows the changes in PMA of a-SMy iPr and FC6-HC4 as a function of Z FC6-HC4 , the respective data points of which were obtained from the curve given in Fig. 9 . The values are included in Table 3 . The numerical values given at point's side indicate the mole fraction in bulk solution (X FC6-HC4 ). In the characteristic region of CMC's positive deviation (0 < X FC6-HC4 < ca. 0.3) it is seen that the PMA of a-SMy iPr expands while FC6-HC4's contracts. Viewing Z 2 , indicates an enhancement of interaction between both surfactants at the interface that brings about a negative deviation from ideal mixing even in the adsorbed film, as the w A value (-2.0) has already shown, while in the lower mole fraction region (0 < X FC6-HC4 < 0.4 or 0 < Z FC6-HC4 < 0.6) the reverse is the case.
Summarizing the behavior on adsorption and micellization of the present binary mixed surfactant systems, a remarkable dependence on mixing ratio was observed: At the lower mole fraction range of FC6-HC4 (below X FC6-HC4 = ca. 0.4), where FC6-HC4 is a minor component, the mixed system behaves non-ideally in regard to micelle formation (CMC) and adsorption (G, A m , PAM) showing positive deviation from ideal mixing. On the other hand, at the higher mole fraction range (above X FC6-HC4 = ca. 0.4) the mixture was observed to form micelles and adsorbed film with aid of little enforced interaction between two surfactants. In particular, the mixed micelles as well as the mixed film seem to benefit from the presence of FC6-HC4, that is, micelles and adsorbed film are better thermodynamically stabilized by higher FC6-HC4 content. It is noted, however, that the extent of interaction between two surfactants is stronger in the adsorbed film than in micelles. Addition of 10 to 20% a-SMy iPr to FC6-HC4 results in a marked enhancement of surface activity and micelle formation ability accompanying a favorable packing in two-dimensional and three-dimensional structuring by the two top-heavy type surfactants.
